Abstract: Synthesis and investigation of optical and thermal properties of a homologous series of highly luminescent nanostructured organosilicon luminophores (NOLs) containing different donor to acceptor ratio (D:A) are reported. Each of the NOL consists of a 1,4-bis(5-phenylthienyl-2-yl)benzene (PTPTP) acceptor unit and four, six or twelve 2,2´-bithienyl donor fragments connected to each other through two or six silicon atoms. These complex molecules show a "molecular antenna" effect with high efficiency of intramolecular energy transfer about 97-98% combined with excellent photoluminescence (PL) quantum yield of 84-91% and fast PL decay time of 0.90-0.95 ns. A significant increase of the molar extinction coefficient from 94 000 to 257 000 M −1 cm −1 with increasing the D:A ratio from 4:1 to 12:1 was observed. It was found that increasing the branching extent in the NOLs prohibits their crystallization. Thermal gravimetric analysis (TGA) showed that all the NOLs reported, regardless of their branching extent, are thermally stable up to *Corresponding Author: Oleg V. Borshchev † : Oleg V. Borshchev:
Introduction
Currently organic luminophores are widely studied due to their unique optical properties that lead to their change to increasing applications as functional materials for organic photonics and optoelectronics [1] [2] [3] [4] [5] [6] [7] . A number of linear [8] , star-shaped [9] [10] [11] and dendritic conjugated molecules [12] [13] [14] , containing silicon atoms and showing good luminescent properties are described in the literature. It was shown that usually silicon atoms break the conjugation between the adjacent luminophores covalently bonded to them that can lead to increasing the luminescence efficiency in some highly branched macromolecules [15] . At the same time, in the case of silole, where silicon is included into a conjugated cyclic structure, bonding interaction between the silicon σ*-orbital and the cyclic butadiene π*-orbital (σ*-π* conjugation) stabilizes the silole lowest unoccupied molecular orbital (LUMO). Their applications as functional materials, such as photo and electroluminescent materials, carrier transporting materials, and sensing dyes have been widely explored [16] .
For effective usage of the organic luminophores, we should be able to tune their crucial characteristics, thus adjusting them to the desired application. Important parameters for organic luminophores are the absorption and luminescence spectral range, which are defined by a particular application; the molar extinction coefficient (ε) that determines the maximum possible absorption cross-section of the molecule; the photoluminescence quantum yield (PLQY), striving for 100%; as well as high stability; good processability and solubility in the case of solution processing. However, it is also necessary to take into account optical losses (L) related to self-absorption of a particular luminophore because of partial overlap of its absorption and luminescence spectra, a measure of which can be related to the difference between their maxima called as the Stokes shift (S). To solve these problems, we recently suggested the concept of "Nanostructured Organosilicon Luminophores" (NOLs) [17, 18] , which are a kind of highly efficient dendritic molecular antenna [19, 20] , consisting of donor and acceptor fragments covalently linked through silicon atoms with very efficient Förster resonance energy transfer (FRET) between them.
Unique molecular structure of NOLs allows tuning the optical properties of organic luminophores widely in several ways. Firstly, changing the chemical structure of the donor and acceptor shifts the absorption and luminescence spectra in the desired area and influences the value of PLQY. Secondly, controlling the ratio of donor to acceptor units leads to changing the value of ε and the selfabsorption of the molecules. Previously we have reported various possible molecular architectures of NOLs [18] , as well as their unique optical properties and applications in different organic photonics and optoelectronic devices [21, 22] . In our recent work we examined optical properties of the NOL abbreviated as (PTPTP)Si 2 (2T-Hex) 6 , containing six 2,2'-bithienyl (2T) donor units connected via two silicon atoms to a 1,4-bis(5-phenylthienyl-2-yl)-phenylene (PTPTP, a thiophene-phenylene co-oligomer, also reported as AC5 known for its high PLQY [23] [24] [25] ) acceptor unit [26] . It was found that this NOL has extremely fast photoluminescence decay time of about 0.80-0.90 ns, depending on the solvent, combined with a very high PLQY of 88-91%. However, systematic investigations of the influence of various topology of the NOLs on their optical properties, in particular to the intramolecular energy transfer efficiency (ETE), overall PLQY and ε, was not carried out. As a consequence, the aim of this work was the synthesis and systematic investigation of the optical and thermal properties of a series of NOLs based on PTPTP and 2T organic luminophores, having different ratio of the donor to acceptor units -4 :1, 6:1 and 12:1 ( Figure 1) . 4 , (PTPTP)Si 2 (2T-Hex) 6 and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 synthesized and investigated in this work. [17] , (2,2'-bithien-5-yl)[bis(5'-hexyl-2,2'-bithien-5-yl)]methylsilane 2T-SiMe(2T-Hex) 2 [19] were prepared as reported before. Synthesis of 1,4-bis[5-{4-(trimethylsilyl)phenyl}thiophene-2-yl]benzene (TMS-PTPTP-TMS) and 1,4-bis[5-{4-[tris(5'-hexyl-2,2'-bithien-5-yl)silyl]phenyl}thiophene-2-yl]benzene (PTPTP)Si 2 (2T-Hex) 6 was described elsewhere [26] .
Experimental

Materials
Anhydrous solvents were prepared as follows. THF was dried and distilled over CaH 2 . Ethanol and toluene were distilled and degassed in argon flow. For extraction, freshly distilled solvents were used. Unless otherwise stated, all glassware before the reactions was dried in a drying oven at 150°C, assembled while hot, and cooled in argon flow, and the reactions were carried out in air-free conditions. 4 . 120 mL of toluene, 16 mL of ethanol and 16 mL of 2 M Na 2 CO 3 (32 mmol) aqueous solution were added to a mixture of PinB-TPT-BPin (1.45 g, 2.9 mmol), Br-PhSiMe(2T-Hex) 2 (4.5 g, 6.4 mmol) and Pd(PPh 3 ) 4 (0.17 g, 0.15 mmol), and the mixture was heated to reflux. The reaction mixture was stirred under reflux for 14 h, when the reaction yield achieved 63% (according to GPC). The bottom water-based layer was separated using a syringe and rejected. The remaining organic solvent was evaporated. The residual mixture was diluted with toluene and passed through a silica gel to remove the catalyst. Toluene was evaporated from the filtrate and the product was purified by column chromatography on silica gel (eluent: toluenehexane mixture, 1: 3) to yield 2.24 g (52%) as a yellow solid. 4 . A solution of 2T-SiMe(2T-Hex) 2 (5.0 g, 7.1 mmol) in THF (90 mL) was cooled to -78°C and 1.6 M n-BuLi in hexanes (4.4 mL, 7 mmol) was added dropwise. The solution was stirred for 1 hour at -78°C. The cooling bath was removed, and the solution was allowed to warm to -5°C and subsequently cooled again to -78°C. After that freshly distilled Br-PhSiMeCl 2 (0.93 g, 3.4 mmol) was added in one portion. The reaction mixture was stirred over 40 minutes and warmed to room temperature. 3 mL of a 1:1 mixture of distilled water and THF were added to terminate the reaction. According to the GPC analysis the reaction mixture contained 78% of the target product, which was isolated by 4 were dissolved in 60 mL of toluene and added to the reaction vessel containing 35 mg of Pd(PPh 3 ) 4 . Afterwards, 1.5 mL of 2M sodium carbonate solution was added. The reaction mixture was stirred at reflux for 24 h. According to the GPC analysis the reaction mixture contained 39% of the target product. It was purified by column chromatography on silica gel (eluent: toluene-hexane mixture, 1:3) followed by recrystallization and preparative GPC chromatography to yield 0.64 g (32%) of pure product as a yellow solid. 1 
Characterization techniques
1 H NMR spectra were recorded at a "Bruker WP-250 SY" spectrometer operating at a frequency of 250.13 MHz or at "Bruker Avance II 300" spectrometer operating at a frequency of 300 MHz utilizing CDCl 3 residual signal (7.25 ppm) as the internal standard. 13 C NMR spectra were recorded using a "Bruker Avance II 300" spectrometer at 75 MHz and Bruker DRX500 spectrometer at 125 MHz. 29 Si NMR spectra were recorded using a "Bruker Avance II 300" spectrometer working at 60 MHz. In the case of 1 H spectroscopy, NMR spectra were measured in 1% CDCl 3 solution. In case of 13 C or 29 S NMR spectroscopy, 5% solutions in CDCl 3 were used. Gel permeation chromatography (GPC) analysis was performed using a Shimadzu LC10Avp series chromatograph (Japan) equipped with an RID-10Avp refractometer and SPD-M10Avp diode matrix as detectors and a 7.8×300 mm 2 Phenomenex column (USA) filled with
Phenogel sorbent with a pore size of 500 Å. THF was used as an eluent. Thermogravimetric analysis was carried out in dynamic mode in 50 ÷700°C interval using Mettler Toledo TG50 system equipped with M3 microbalance allowing the measurement of the weights of samples in 1-150 mg range with 1 µg precision. Heating/cooling rate was chosen to be 10°C/min. Every compound was studied twice: in air and in nitrogen flow of 200 mL/min.
Differential scanning calorimetry (DSC) scans were obtained with Mettler Toledo DSC30 system with 20°C/min heating/cooling rate in temperature range of -100 to +300°C. Nitrogen flow of 50 ml/min was used.
For thin layer chromatography, "Sorbfil" (Russia) plates were used. In the case of column chromatography, silica gel 60 ("Merck") was used.
Optical properties of the compounds synthesized were investigated by UV-Vis absorption and photoluminescent (PL) spectroscopy in the form of THF (UV-grade) diluted (10 −5 M for absorption and 10 −6 M for PL) solutions using standard 10 mm photometric quartz cuvettes. Absorption profiles were recorded on a Shimadzu UV-2501PC spectrophotometer (Japan) in the spectral region from 190 to 800 nm. PL spectra were recorded at scanning spectrofluorimeter ALS-01M elaborated and assembled in ISPM RAS; its detailed characteristics can be found elsewhere [11] . The fluorescence intensity was measured in the mode of single photons counting on the consecutive time intervals. PLQY was determined by comparison with the known quantum yields of fluorescent standards by the techniques described elsewhere [20, 27] . Five standards were used: pterphenyl, 2,5-diphenyloxazole, anthracene, POPOP and rhodamine 6G. The resulting quantum yields are the averages of comparison to all five standards. In all cases, the optical density of the solutions used for the measurements of PLQY did not exceed 0.05 in a 10 mm thick quartz cuvette. The relative accuracy of the PLQY measurements done under the same conditions was 0.5%. Picosecond luminescent lifetimes were measured using a spectrofluorimetric system FluoroLog-3 (Horiba Scientific) equipped with solid-state pulsed Nano LEDs emitting at 340 and 369 nm. The relative accuracy of the life time measurements done under the same conditions was ±0.005 ns.
Results and discussion
Synthesis
General scheme for the synthesis of a new NOL with four donor units (PTPTP)Si 2 (2T-Hex) 4 and NOL with twelve donor units (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 , is shown in Scheme 1. Preparation of Br-Ph-SiMe(2T-Hex) 2 was described in details before [17] . A Suzuki coupling reaction between Br-Ph-SiMe(2T-Hex) 2 and PinB-TPT-BPin led to the desired (PTPTP)Si 2 (2T-Hex) 4 in 63% reaction yield (as determined by GPC analysis of the reaction mixture) and 52% isolated yield (after purification by column chromatography) (Scheme 1a). (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 was prepared through a two-step synthesis (Scheme 1b). First, unsymmetrical organosilicon branched molecule having six donor units and part (phenyl ring) of the acceptor fragment Br-Ph-Si 3 (2T) 2 (2T-Hex) 4 was synthesized via lithiation of 2T-SiMe(2T-Hex) 2 followed by the reaction with Br-Ph-SiMeCl 2 in 78% yield. Second, (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 was prepared by Suzuki crosscoupling reaction between Br-Ph-Si 3 (2T) 2 (2T-Hex) 4 and PinB-TPT-BPin. Purification of the target NOL was made by column chromatography on silica gel to give pure (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 with 32% isolated yield. The chemical structure and purity of all precursors and final compounds were proved by a combination of TLC, GPC, 1 H-, 13 C-and 29 Si-NMR.
Optical properties
Previous studies of the optical properties of the model compounds and organosilicon dendritic molecular antennas showed independent absorption of donor and acceptor fragments due to the absence of π-conjugation via a silicon atom between the chromophores [11, 14, 27] . Therefore, presence of several maxima in the absorption spectra (plotted as the molar extinction coefficient distribution) of the NOLs shown in Fig. 2a correspond to a total contribution of all donor and acceptor fragments. The maxima at 336-338 nm correspond to the absorption of the donor units, which in this case are 2T fragments. The maxima at 383-387 nm correspond to the absorption of the acceptor unit (PTPTP).
Comparison of the absorption spectra of (PTPTP)Si 2 (2T-Hex) 4 , (PTPTP)Si 2 (2T-Hex) 6 and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 showed that with increasing numbers of donor fragments the absorption intensities increases without changing their maxima. Molar extinction coefficients εmax grow with increasing amounts of donor fragments. Thus, the lowest value of εmax = 63000 M −1 cm −1 was found for TMS-PTPTP-TMS, containing no donor units, while the appearance of four 2T units increases εmax by 1.5 times and twelve 2T units lead to increase in the value of εmax by 4 times ( Table 1) . These peculiarities of the optical properties of NOLs lead to decreasing self-absorption in the series of luminophores investigated with increasing donor-to-acceptor ratio since self-absorption is proportional to the overlapping integral of the absorption and luminescence spectra. While the former significantly increases, the latter stays unchanged under similar absorption long-wavelength edges and luminescence short-wavelength edges. Luminescence spectra of all investigated NOLs are very similar and their maxima are shifted on 6-9 nm as compared to those of the model acceptor luminophore TMS-PTPTP-TMS (Table 1 ). These observations indicate no contribution of 2T donor group's luminescence and correspond only to the luminescence of PTPTP central acceptor unit independently of the excitation wavelength. This observation indicates clearly that effective Förster intramolecular energy transfer (FRET) from external 2T donors to internal PTPTP acceptor takes place. The energy transfer efficiency (ETE) was found to be around 97-98% for the NOLs independently of the number of donor fragments. The calculated values of the photoluminescence quantum yield (PLQY) for all the compounds were very high and reached 84-91%. The experimentally measured PL lifetime of TMS-PTPTP-TMS acceptor itself in dilute THF solutions (1.01 ns) was found to be somewhat longer than those of (PTPTP)Si 2 (2T-Hex) 4 (0.95 ns),(PTPTP)Si 2 (2T-Hex) 6 (0.93 ns) and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 (0.93 ns) excited 4 (n=4), (PTPTP)Si 2 (2T-Hex) 6 (n=6) and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 (n=12), where ndonor:acceptor ratio. 6 , (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 Relative error of the PLQY measurements is 0.5%.
at the same wavelength corresponding mainly to the acceptor absorption (λ LED = 369 nm). For the all NOLs investigated, the PL lifetime measured at λ LED = 369 nm (mainly donor absortion) became slightly shorter -0.93, 0.90 and 0.91 ns, respectively. This is in good agreement with the ETE of 97-98% from the donors to acceptor units in the NOLs. Thus, we have shown that tuning the chemical structure of highly luminescent branched and dendritic molecules by increasing the donor to acceptor ratio leads to a significant increase in the molar extinction coefficient of the luminophores with minor variation of their other optical properties. As a result, the highly luminescent NOL (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 withs12 donor 2T units and a very large εmax = 257 000 M −1 cm −1 at 336 nm leads to a huge absorption cross-section in the UV region, combined with very high PLQY of 87% and fast PL decay time of 0.91 ns being obtained.
Thermal properties
Thermal behavior of all four compounds TMS-PTPTP-TMS, (PTPTP)Si 2 (2T-Hex) 4 , (PTPTP)Si 2 (2T-Hex) 6 and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 was investigated by TGA and DSC methods. TGA shows a reasonably high thermal and thermaloxidative stability of the NOLs. In the inert atmosphere (Fig.3a) the compounds with four, six and twelve 2,2´-bithienyl donor groups started to decompose above 400°C (the temperature of 5% weight loss was 440°C). The residual weight at 700°C was 31-33%. Almost the same weight loss after 600 ∘ C can be explained by an almost equal content of the aromatic carbon atoms in the all NOLs under consideration (46-47%), which presumably form the coke residue. For TMS-PTPTP-TMS the temperature of 5% weight loss was 345°C, which indicated its sublimation rather than decomposition since it has a relatively low molar weight and its TGA curve goes to zero residual weight at 430°C. In air flow (Fig. 3b) , decomposition for all compounds starts slightly above 300°C. DSC scans of TMS-PTPTP-TMS (Fig. 4a) reveal a reproducible behavior at the first and the second heating with the melting peak at 278°C with ∆H = 97 J −1 g −1 .
Compounds with four and six 2,2´-bithienyl donor groups have very similar thermal behavior. The first heating DSC scans (Fig. 4b,c) and 118°C (∆H = 43 J −1 g −1 ) for (PTPTP)Si 2 (2T-Hex) 6 . Glass transition observed on second heating curves at Tg = 2°C and Tg = -2°C for these compounds, respectively.
(PTPTP)Si 6 (2T) 4 (2T-Hex) 8 ( Fig. 4d ) is characterized by a glass transition only (Tg = 10°C). Thus, increasing the branching extent in NOLs deteriorates their crystallization that lead to completely amorphous luminophores. Investigation of their optical properties in the bulk and thin films will be in focus of our future work. 
Conclusions
In this work we described the synthesis of two novel nanostructured organosilicon luminophores (PTPTP)Si 2 (2T-Hex) 4 and (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 , having donor (2T) to acceptor (PTPTP) ratio of 4:1 and 12:1 respectively, and compared their properties to the NOL (PTPTP)Si 2 (2T-Hex) 6 , containing six donor units per one acceptor, and model molecule of bis-trimethylsilyl substituted acceptor TMS-PTPTP-TMS, reported previously [26] . Their molecular structure was proved by a combination of TLC, GPC, 1 H-, 13 C-and 29 Si-NMRspectroscopy methods. These NOLs show a "molecular antenna" effect with high intramolecular energy transfer efficiency of 97-98% combined excellent photoluminescence quantum yield of 84-91% and fast PL decay time of 0.90-0.95 ns. It was found that increasing the branching extent in the NOLs prohibits their crystallization and leads to completely amorphous luminophores for the most branched structures. This work has shown an increase in the molar extinction coefficients when going from the linear TMS-PTPTP-TMS to the branched (PTPTP)Si 2 (2T-Hex) 4 and (PTPTP)Si 2 (2T-Hex) 6 , and to the dendritic (PTPTP)Si 6 (2T) 4 (2T-Hex) 8 luminophore without significant changing of their other optical properties, which leads to reduction of their self-absorption and gives more opportunities for their application in organic photonics.
